Introduction 54 a. Motivation 55
To depict the paths and intensities of mesocyclone circulations as seen by radar, 56 the National Severe Storms Laboratory (NSSL) creates products called "rotation tracks". 57
These rotation track fields are created by calculating the azimuthal shear fields (the 58 azimuthal derivative of radial velocity) for each radar, merging the azimuthal shear data 59 from multiple radars onto Cartesian grids and then accumulating the maximum values in 60 those gridded fields over time onto one accumulated grid. An example is shown in Figure  61 1. 62
These tracks can help alleviate some of the difficulty in interpreting and analyzing 63 velocity fields. They can provide information about the spatial extent and strength of 64 Here, we extend the processing to velocity-based products, specifically to azimuthal 85 shear accumulations. 86
The CONUS-wide rotation track climatology will provide an incredibly rich 87 dataset with numerous potential climatological and severe weather applications. Track 88 lengths, intensities, and other characteristics could be analyzed by geographical region 89
and time of year. Potential relationships could also be discovered between rotation tracks 90 and environmental parameters like convective available potential energy (CAPE) and 91 storm-relative helicity (SRH). After correlating maximum azimuthal shear and maximum 92 updraft helicity, rotation tracks could also be used as verification for high-resolution 93 model-simulated maximum updraft helicity tracks like the ones discussed by Kain et al. 94 (2010) and Clark et al. (2012) . 95 The purpose of this paper is to discuss the special velocity dealiasing techniques, 96 data thresholds, and Multiple Hypothesis Tracking (MHT) techniques developed to 97 isolate the rotation tracks in real-time and for the MYRORSS climatology. Detailed 98 explanations of each quality control effort will be given and the specific impacts of each 99 step will be shown in example cases. The TDA currently used with the WSR-88D system relies on high "gate-to-gate 111 velocity difference" values to identify potentially tornadic circulations (Mitchell et al. 112 1998). Although termed a tornado detector, the algorithm identifies tornadic vortex 113 signatures (which may or may not be associated with tornadoes) that are typically larger 114 than a tornado owing to radar sampling resolution (e.g., Brown et al. 1978) . The gate-to-115 gate difference represents the difference between velocity values at constant range from 116 the radar between adjacent azimuths. These values can be affected adversely by the 117 azimuthal offset of the radar beam center from the vortex, noisy data, and velocity 118 aliasing (Wood and Brown 1997). Additionally, because the radar beam is much broader 119 at far ranges than when near the radar, observed velocity peaks within vortices decrease 120 in magnitude, allowing some vortices to be overlooked by the algorithm. Rather than using the gate-to-gate velocity difference, "peak-to-peak" methods of 126 calculating rotational shear from Doppler radial velocity data or the wavelet analysis 127 technique to detect a vortex, a two-dimensional, local, linear least squares derivatives 128 (LLSD) method can be used to reduce the impact of noise. Elmore et al. (1994) proposed 129 this method of estimating the derivatives of radial velocity values by fitting a plane to the 130 velocity field and finding its slope. The vertical vorticity field is estimated by the 131 azimuthal derivative of the radial velocity field and is given by 132
where is the radial velocity, is the coordinate in the azimuthal direction, is the arc 133 length from the center point of the calculation to the point ( ) is the radial velocity 134 at point ( ), and is the beam width at a given range. is a positive weight 135 function that we set to 1 after determining that Cressman weight functions, among others, 136 generated very little differences. The coordinate is in the radial direction and is in the 137 azimuthal direction. The summation is performed over range gates in the neighborhood 138 of the starting point of the calculation. This calculation of azimuthal shear is, here on, 139 referred to as the LLSD method. For this study, a sophisticated two-dimensional dealiasing technique described by 226
Jing and Wiener (1993) was implemented. The algorithm solves a linear system of 227 equations that minimizes gate-to-gate shear in each isolated two-dimensional region. 228
Through using aliasing-induced discontinuity information, the correction values for all 229 gates are found by solving a two-dimensional least-mean-squares problem. Instead of 230 making dealiasing decisions for each gate based on its neighbors, which can be subject to 231 scattered incorrect data, this approach avoids local expansion of errors by attempting to 232 find all dealiased values for a given dataset. Vertical profiles of horizontal wind data 233 from the 20-km RUC point soundings were used as environmental wind estimates at the 234 grid-point nearest to each radar site. The calculated average is minimized by 235 incrementing equally over the entire echo. The average local wind observed by radar 236 is assumed to be less than . 237
A smooth environmental wind field with weak shear is assumed. This can be a 238 poor assumption in isolated areas of strong wind shear associated with mesocyclones or 239 microbursts. In these cases, relatively short falsely aliased border segments are detected 240 and can typically be used to dealiase the field correctly. In more elongated regions of 241 shear associated with strong gust fronts, for example, incorrect dealiasing is more likely. 242
Example dealiased radial velocity fields and their corresponding azimuthal shear fields 243 using both the LED and Jing and Weiner (1993) methods are shown in Fig. 3 . 244
Preliminary results from a study now underway to determine which velocity dealiasing 245 method performs best on a set of case studies indicate that this two-dimensional 246 technique is more accurate than the LED technique. 247
b. Reflectivity quality control 248
As mentioned in the introduction, the quality control neural network 249 
1) HYSTERESIS SEGMENTATION 312
Before the circulation signatures in the two-dimensional maximum azimuthal 313 shear fields can be associated between time steps, they are isolated into clusters of high 314 shear values using hysteresis segmentation. The term hysteresis (Jain 1989) refers to the 315 lag observed between the application of an electromagnetic field and its subsequent effect 316 on a substance. In image processing, the term refers to the lagging effect caused by using 317 two thresholds -one to begin the thresholding process and another to end it. In this 318 application, two data thresholds are maintained and a cluster is composed of contiguous 319 pixels with values greater than the lower data threshold that contains at least one pixel 320 with a data value greater than the higher threshold. The higher threshold identifies areas 321 of high azimuthal shear associated with strong circulation and the lower hysteresis 322 threshold grows the region around the high value to include all pixels associated with the 323 circulation (see Figure 7) . Through experimentation on numerous tornadic and 324 nontornadic case studies, it was determined that low and high data thresholds of 0.002 s fields. In an effort to isolate the mesocyclone signatures from these bands of shear, all 373 clusters were fit to ellipses and their aspect ratios were calculated. After testing many 374 different thresholds, it was determined that size, data value distribution, and aspect ratio 375 information could not be successfully used to discriminate between mesocyclone clusters 376 and shear band clusters. Because of this, the band signatures remain in the rotation track 377 fields for now. 378
Results

379
The quality control techniques discussed in the methods section were developed 380 and tuned through testing on a variety of tornadic and nontornadic cases. The specific 381 impacts of each technique will now be discussed and demonstrated in this section using 382 cases that were not part of this training dataset. 383
a. New velocity dealiasing techniques 384
Prior to this study, the LED dealiasing technique (Eilts and Smith 1990), the 385 default method used for real-time processing of WSR-88D data, was used in the creation 386 of rotation tracks. Recently, it was found that using the vertical profile of horizontal wind 387 from the 20-km RUC point sounding at radar sites as estimates of the environmental wind 388 in the algorithm helped to alleviate some of the dealiasing issues, though many still 389 persisted. 390
The two-dimensional dealiasing technique described by Jing and Weiner (1993) 391
was tested and appears to perform much better at properly dealiasing the velocity fields 392 due to the large reduction in radial spikes and non-meteorological velocity signatures. 393
Using the RUC wind profiles as environmental estimates made some additional 394 improvements as well. As seen by the representative example in Figure 12 , the Jing and 395
Weiner technique dealiases correctly many of the areas that the LED technique did not. Survey data provided courtesy of Kiel Ortega, Brandon Smith, and Gabe Garfield. 859
